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Abstract Using the coupled climate model CLIMBER-
3a, we investigate changesn seasurfaceelevaion dueto
a weakening of the thermohaline circulation (THC). In
addition to a global sealevelrise dueto a warming of the
deep sea, this leads to a regiond dynamic sea level
changewhich follows quastinstantaneously any change
in the oceancirculation. We show that the magnitude of
this dynamic e ect can locally reach up to 1 m,
dependng on the initial THC strength. In someregions
the rate of change can be up to 20.25mm/yr. The
emergng patterns are discusse with respect to the
ocearic circulation changes.Most prominent is a south-
north gradient re”ecting the changesin geostrophic
surfacecurrents. Our results suggestthat an analysis of
observal sealevel change patterns could be usefu for
monitoring the THC strength.

1 Introduction

Sealevel in the northern Atlantic is signi“cantly lower
compared to the northern Paci“c (seeFigure la) as a
resukt of deepwater formation in the high latitudes of
the North Atlantic; this leads, e.g.,to a "ow through
Bering Strait from the Pacic to the Arctic Ocean
(Wij el set al., 1992. Hence,any major changein North
Atlantic degp water (NADW) formation canbe expected
to cause important sealevel changesaround the north-
ern Atlantic. This is a consequene of THC changesthat
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is often overlooked (Vellingaand Wood, 20®; Schwartz
and Randall, 200B).

Paleodimatic data indicate that strong variations of
the THC have occurred in the past (seereferencesin
(Clark et al., 2002 Rahmstorf, 2002). Model simula-
tions suggestthat global warming accompanied by an
increasel freshwater input into the North Atla ntic could
resut in major changesin THC strength (Manabe and
Stou er, 1993 Stocker and Schmitner, 1997; Rahm-
storf, 1999 Rahmstorf and Ganopolski, 1999 Wood
et al., 1999 Schae er et al., 2002). Recentobsenations
show an increaseby 7% in river dischameto the Arctic
Ocean(Petersm et al., 202) between 1936and 1999and
a signi“cant freshenng of the Atlantic Oceanduring the
last 40 years (Dickson et al., 2002 Curry et al., 2003.
Exploring possible consequenes of and indicators for
thermohaline circulation (THC) changes is hence of
great importance. Here, we study the sealevel e ects of
THC changesin a seriesof simulations with a coupled
climate model that contains an ocean circulation model
with explicit calculation of seasurfaceelevation.

It is useful to distinguish three types of sea level
changes(in addition to those resulting from tectonic
processeswhich we will not consider here):

1. global sealevel change dueto changesin the amount
of water in the ocears, e.g caused by the melting of
continental ice;

2. global and regional sealevel changedueto changesn

spei‘c volume of sea water, caused by diabatic

heating;

regional sea level changes (with nearzero global

mean) assodated with changing ocean currents and a

redistributio n of massin the ocean.

w

A changein thermohaline ocean circulation will di-
rectly a ect sealevel through mechanisms (ii) and (iii)
(Bryan, 199%; Gregory and Lowe, 2000; Gregory et al.,
2001). Model simulations suggest that following a
shutdown of NADW formation, the deepoceanwould
warm up on a slow di usi vetime scale(millennia) asthe
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supply of cold watersof polar origin to the deepoceanis
reducel; this leads to a slow global sealevel rise (Knutt i
and Stocker, 200Q Bi et al., 2001; IPCC, 2001; Seidov
et al., 200)) of the order of 1 m. If NADW formation
shutsdown in scenariosfor future global warming, this
sealevelrise comesin addition to the rise reaulting from
the warming of the surfaceclimate.

A changein THC is also associatedwith a changein
ocean currents and a redistribution in mass,i.e. adia-
batic adjustmentsin the density structure of the ocean.
This hardly a ects the global mean sealevel (since the
volume of seawater is not changed, except for small
di er ential compressiblity e ects in the equation of
state), but it canleadto rapid regional sealevel changes.
The time scak of theseis set by the adjustment of the
internal density structure of the ocean due to internal
wave processs (yearsto decades).The adjustment of the
seasurface itself to changesin circulation and density
structure occurs almost instantaneously (time scale of
days) through surfacegravity waves.

The sealevel gradients are in equilibrium with the
surface currents and winds as given by the momentum
balancein the upper oceaniclayer

gfv Yag@dgPk  @sx;
gfu Y2 g@dgP b @sy;

whereg is the seasurfaceelevaion, and q, f and garethe
density, Coriolis parameter and gravitational constant.
The stress“eld is (sy,sy) with the wind stress“eld (Sox,-
Soy) as its upper boundary values and u(z) and v(z) are
the horizontal velocitiesin the ocean. In order to isolate
and study the sealevel e ects of THC changeswe keep
the wind stress constant throughout our experiments
prescrbed from NCEP/NC AR reanalyds data (Kalnay
et al., 199%), despite otherwise using a fully coupled
oceantatmosphere model.

dlap
dlbp

2 Modeland experimentaket-up

The simulations discussé here were carried out using
the coupled climate model CLIMBER- 3a, which con-
tains an improved version of the oceanic genera circu-
lation model MOM 3 and thereby a non-linear explicit
free surfacerepresetation. The model includesinterac-
tive atmosphere (Petoukhov et al., 2000) and seaice
modules (Fichefetand M aqueda,1997. The wind stress
in CLIMB ER-3a is generally given by an interactive
wind anomaly model around the NCEP-NCAR
reanalysis (Kalnay et al., 1996. However, in the simu-
lations describedherewe useprescrbedwind stressfrom
the NCEP-NCAR reanalyss, so that the modelled sea
level changesare not due to wind stresschanges.In the
ocean the resolution is 3.75- 3.75 horizontally with 24
vertical levels. For a full description of the model see
(Mo ntoya et al., 2004 (under revision)).

Figure 1 showsa comparison of altimeter data from
the Topex-Posedlon satellite (NOAA , 1992...195) of the
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Fig. 1 Deviations of seasurfaceelevationfrom the global mean(in
cm), (a) derived from altimeter data from the Topex-Poseidon
satellite (NOAA, 1992..1995)n comparison with (b) a simulation
of the free surface in the coupled climate model CLIMBER-3 a
(Montoya et al., 2004 (under revision)). Note that areasof deep
convectionin the northern Atlantic are associatedwith minima in
sealevel;in the altimeter data this is the Labrador Sea,while in the
model it is the Irminger Seaand the Greenland-Norwegian Sea

deviation of the seasurface elevaion from the geoid
(normalizedto give a global meanof zero), with the free
surface simulation of the presentday climate with
CLIMBE R-3a. The model reproducesthe main features
of the sealevel patterns. The strongestdi erencesanbe
found in the Indian Oceanand along the South Amer-
ican Eastcoad wheretoo fresh surfacewater leadsto an
unrealistically high g in the model. Theseerrors are not
large, considering that this is a thermodynamic equilib-
rium of a coarse-resolution model without "ux adjust-
ments of heat or freshwater.

The corresponding meridional streamfunction (Fig-
ure 2a) for the same Present-day equilibrium shows
12 Sv (1 Sv=10° m®s %) overturning of NAD W, a va-
lue at the lower end of obsenational estimates(Gana-
chaud and Wunsch, 2000. Figure 3 shows the mixed
layer depth of the simulation. The deg water formation
sites are visible as areas of deep mixed layers NADW
production takesplacein the GIN Seaand Irminger Sea,
while Antarctic Bottom Water is formed near the Ant-
arctic coast in the Weddell Sea and Ross Sea. The
control state simulation presentd here was chosento
give the most realistic overall oceanic circulation and
tracer distribution. Our resultsare robust with respectto
changesin model parameters such as diapycnal di u-
sivity.

Mainly due to their thermal signature, the deep
convection sites in the north can be seenas associated
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Fig. 2 Streamfunction of the meridional overturning circulation in
the Atlantic Ocean(Contour line di erences are 2 Sv) (a) for the
present day equilibrium simulation (with a maximal volume
transport of 12 Sv) (b) for an equilibrium run with an additional
equivalent freshwater"ux of 0.35Sv

sealevel minima in Figure 1b. The sealevel di erence
between northern Atlantic and Paci‘c is 57 cm in the
northernmost available strip of the altimeter data (i.e.,
averagel acrosseachbasin between55 N and 65 N). In

Fig. 3 Mixed layer depth (in m)
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the model, this di er enceis underestmated as 34 cm,
which is most likely dueto the wedak overturning; we will
seelater on that in the model this sealevel di erenceis
roughly proportional to the Atlantic overturning rate.
Hence, our reallts for the sealevel changesresuling
from a THC shutdown should be consideed as a con-
servative lower limit.

Starting from this present-day equilibrium state, we
apply a constant negative salt "ux to the two main
convection sitesin the North Atlantic (52 Nto 80 N by
48 W to 15 E, excluding regionsof shallow water along
the northern European coastat 52 N to 64 N by 12 W
to 8 E and along the Greenlandcoast at 63 N to 72 N
by 31 W to 22 W), in order to cause a weakening of the
overturning. A salt (rather than freshwater) "ux was
applied in order to avoid a sea level change due to
adding water, which in the free surface formulation of
our model would directly raise sea level. The THC
strength decreasesvith increashg negative salt "ux and
collapsesif the chosensalt "ux is larger than 0.3 Sv
freshwater equivalent. We usedsalt "uxes equivalent to
0.05,0.075,0.1, 0.15,0.2, 0.25, 0.3, 0.35and 0.4 Sv of
freshwater "ux which were applied until quasiequilib-
rium was reachedafter 800 years.

Figure 2b shows the streamfunction after the appli-
cation of 0.35Sv freshwater equivalent salt "ux for
800years. In this model state, the sealevel di erence
between northern Atlantic and Paci‘c is 7 cm,i.e., has
almost vanished.

To check the robustness of the resuls, further
experiments were carried out with the same oceanic
model, i.e. the MOM 3 ocean model, with a slightly
coarser horizontal resolution of 4- 4 coupled to the
same sea ice modd but with a dier ent atmosphee
model. The atmospheric module was replaced by an
energy-masture-balancemodel. The diapycna di usiv-
ity was chosenaccordng to a Bryan-Lewis-pro“le with
ji=0 .6 10 *m? s 'in the ocean interior and j 4=1.6
10 *m? s lin the deepocean and horizontal mixing was

for the control run. Deep water 80°N
formation sitesarethe GIN Sea

and Irminger Seafor NADW

and Weddell Seaand Ross Sea

for Antarctic Bottom Water 40°N

0°
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40°s
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prescrbedwith a di usi on coe cientof j ,=10 *m?s *,
This modelis bistable, showing a stable THC o -s tate in
addition to the on-state for present-dayclimate (as in
ref. (Manabe and Stou er, 1988). In this casethe salt
"ux was removed after a brief pulse equivalent to 1 Sv
for 50 years.This allowedusto examinethe di erencen
dynamic ocean topography in the samemodd with the
sameexternal forcing, i.e. no additional salt "ux to the
northern convection sites, for a circulation with and
without the THC. During the succesiveintegration over
800 years without salt "ux forcing and without THC,
the sealevel patterns did not change signi“cantly. The
patterns show the samestructure and magnitude asthe
simulations shown here. We can therefore concludethat
the resuks shown hereare not due to the permanence of
the salt "ux applied to the North ern convection sites.

3 Timeseriesof dynamicsealevelchangesassociated
with THCbreak-down

Figure 4a shows the maximum of the Atlantic over-
turning circulation as a function of time for a salt "ux
equivalent of 0.35Sv (black line, right axis). Starting
from a strengh of 12 Sy, the salt "ux was applied from
time t=0 onwards, causng a rapid decline of the over-
turning strength and its essentid disappearance after
100years. Also plotted in Figure 4a are the corre-
sponding changesin dynamic ocean topography for
dier ent locations in the North Atlantic and the
Southern Ocean (left axis). For the ten-year running
average plotted in the “gure, the resporse of the
dynamic ocean topography is quasisynchronous in the
North Atlantic and in the Southern Ocean due to the
fast travelling speedof the gravity wavesthat transport
the sealevelsignd. Following the application of the salt
"ux, a positive sea level signal propagates from the
North Atlantic towards the Equator (not shown).
Consistentwith previoustheoretical work by (Hsieh and
Bryan, 1996, (Johnson and Marshall, 2002) and
(Johnson and Marshall, 2004 the signal takes severa
yearsto be transported acrossthe Equator.
Sealevelriseis strongeg on the coastsof Europe and
North America. The maximum value of 50 cm depends
on the initial strengh of the THC; a stronger sealevel
signal would result for a stronger initial overturning
strength. A simulation with an increaseddiapycnal dif-
fusivity of 0.4 cm? s * (asopposedto 0.1 cm? s * for the
presened simulations) indeed resulted in a stronger
THC of 15.5Sv and a stronger sealevel di erence of
82 cmin this region. Figure 4a showsthat a rapid initial
sealevel rise occurswithin decadesafter the onsetof the
THC collapse.The rise in the North Atlantic is accom-
panied by a rapid decline of sealevel in the Southern
Ocean;the global integral of the sealevel curvesshown
is zero, sincethe volume of water in the global oceanis
consened during the experiments and changesin mean
speci“c volume (mechanism (ii) discussedin the intro-
duction) are not included in this “g ure. The latter global
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Fig. 4 (a) Time evolution (10 year running average)of the THC

strength (black, right axis) and corresponding dynamic sealevel
changes at dierent locations in the North Atlantic and the
Southern Ocean (left axis). Note that all regions are outside the
domain of salt "ux application (of 0.35 Sv). Globally averagedsea
levelchangedueto thermal expansionis shownasthe black dashed
line. (b) Rate of changein sealevelalong the North American coast
for 10 year running averagesand for dierent valuesof salt "ux

forcing. Rates of changeincreasefor stronger weakening of the
THC, but saturate after the THC collapse occurs for more than

0.3 Sv of freshwaterequivalent forcing

mean change in sealevel is plotted sepaately in Fig-
ure 4a (as a black dashedline labelled «sthermal expan-
sione); the full sealevelchangeisthe sum of both e ects
(Greatbatch, 199).

Figure 4b gives the rate of change of dynamic
topography for the region wherethe Gulf Streamtravels
along the North American coast for di erent valuesof
the salt "ux applied to the northern convection sites.The
rate of changevariesfor freshwater equivalents up to
0.3 Sy, for which the THC has weakenedbut not com-
pletely collapseal. For larger forcing the THC collapses
and the rate of change saturatesinto a single curve with
a maximum around 25 mmy *.

4 Patternsof dynamicsealevelchange

Figure 5 shows the two-dimensiona pattern of the
dynamic sealevel change(again, the global mean of this
pattern is zero). The pattern shown is the equilibrium
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Fig. 5 Dynamic sealevel
changeg(in m) after the collapse
of the THC (colours), and

di erence of surfacecurrent
velocities (arrow in the upper
right corner correspondsto
10cms Y

LATITUDE

LONGITUDE

reached after the THC shutdown after 800 yearsinte- of Antarctic Bottom Water in the presentday equilib-
gration. The sealevel changesre”ect the changesin the rium simulation takes place mainly through convection
geogrophic surfacecurrents asobtained from equations in the Weddell Seaand does not directly relate to the
(1a,b) by omitting the wind stressterms. The ageos- decline of sealevel in the Southern Ocean.
trophic velodties are negligible outside a strip of 3.75 The patterns seenin Figure 5 reault from the di er-
(onemodel grid cell) around the Equator; away from the encein sealevel betweentwo equilibrium runs; one with
Equator the ratio of ageostophic to geogrophic veloc- and the other without additional salt"ux to the northern
ities is lessthen 1%. The wind stresswastaken from the convection sites. To con“r m that the pattern obtained is
NCEP-NC AR reanalyss for all simulations, i.e. sealevel robust and due to the THC change(not a direct conse-
di er encesdiscussedin this article are entirely due to quenceof the salt forcing), we performed a number of
ocearic circulation changes. sensfivity experiments with varying parameter choices

On top of the sealevel di eren ces,Figure 5 showsthe and with other models. When coupling the sameocean
di er encein surfacecurrents betweenthe THC o -state module to an energy-maisture-baance model (as de-
and the THC on-state. The dominant feature in the scribed in section 2), the application of a freshwater
pattern is a south-north sea level gradient, re"ecting pulseto the convection sitesshutsthe THC down per-
the zonal components of the upper branch of the THC. manently;i.e.,it remainso after removal of the forcing.
In the control run, the current crosseghe Atlantic from  The sealevel changesfound in this o -s tate were of the
East to West between 30 S and 40 S assodated with a sameorder of magnitude asthe onesshownin Figure 5.
northward drop in seasurfaceelevaion. The elimination The e ect of the additional salt-"ux to the northern
of this current during a THC shutdown yields a north- convection siteson the sealevel patterns and magnitudes
ward sealevel rise asseenin Figure 5. This e ect is even in the presented simulationsis negligible. The qualitative
clearer in the North Atlantic (around 40 N) wherethe patterns and magnitudes of sealevel di er ence shown
Gulf Stream crosses the Atlantic basinin order to enter were testedto be robust to changesin the parameter
the GIN Seaasthe North Atlantic Current. The cessa- choices of the model. The simulations shown here use
tion of the North Atlantic Current resultsin the strong the parameter choice that best reproducesthe preset
northward gradient of sealeveldi erene around 40 N oceancirculation.
and the strong onshore gradient along the North
American coag seenin the “gure.

The northern convection sites appear as distinct 5 Sealeveldifferenceand THCstrength
locations of sealevel rise, re”ecting the changesin den-
sity and the assodated elimination of deepdownwelling Figure 6 shows the sea level change for the North
there. A strenghening of the Antarctic Circumpolar Atlantic coast between 45N and 50 N and for the
Current of about 8 Sv is seenas a sealevel drop in the European coast as a function of the maximum over-
Southern Oceanaround 60 S. Note that the formation turning. The data plotted were obtained by equilibrium
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experiments with di erent amounts of salt "ux applied
to the North Atlantic convection sites. We get a linear
depencence of the sea level dier encein the North
American Gulf Stream region and the strengh of the
THC with a slopeof ¢ = 5 cm Sv *. This slope can be
understood through the geogrophic balanceat the sur-
face

fvgg V2 9@0;

where vy 4 is the geostrophic surface velocity. The
strength of the THC, M, can be estimated by integrating
the northward velocity over a vertical box perpendicuar
to the North American coast.

Do Z0
M Y dx

D H

&p

dzv fe¢]n)

where the interval [-D,D] coversthe zonal extersion of
the "ow and H is its maximum depth. If, as a “rst
approximation, we assumethat the velocity v is given by
vg,g for the entire box, then the integration directly yields
arelation betweenthe sealeveldrop and the overturning
strength Dg = ¢ M. A rough estimate assuming a depth
of about H= 1000m results in a proportionality
factor of c= f/(gH)=10 *s *(10ms * 1000 m)
= 1cmSv L In order to re“ne this estimate we may
assune a quadratic velocity pro“le in the horizontal and
in the vertical direction

a2 Z0
f D2 x H z?2
1 — S —
M Y4 dx dzg@g D2 H ob
D H
Zb Z0
097 4" 2 X H 2° &b
g2D D2 H
D H
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where we have used the mean value theorem to get
equation (5). This “rst order re“nement yields a cor-
rection of a factor of 2/3in the horizontal and a factor of
1/3 in the vertical directions. Thus the geogrophic slope
of the red curvein Figure 6 canbe estimatedto be about
c=3/1-3/2 - 1onSv =4 5cmSv !, in agreement
with the slope found in the model. Note, however, that
this estimation is still very rough and doesnot take the
full density distribution in the pro“‘le of the "ow into
account.

The scaling of sealeveldi erene with THC strengh
suggessthat strongerinitial THC strengh, comparedto
the rather low value of 12 Sv of our simulations, would
leadto a proportionall y stronger sealevelresporseif the
THC shuts down. Observdions (Ganachaud and
Wunsch, 200Q Talley et al., 2003 suggestigher preseant
values for the maximum of the overturning in the
Atlantic of about 16...1&v. Using the slope of
5om Sv 1, this would lead to a sealevel rise along the
North American coast of about 80.90 cm. In order to
checkthe e ect of a strongerinitial THC, we carried out
simulations with increased diapycna diusi vity. A
model run with a diapycnaldi usivity of 0.4cm?s * (as
opposel to 0.1cm?s ! for the presented simulations)
resuked in a stronger THC of 15.5Sv and a sealevel
di er ence of 82 cm along the North American coag,
which agrees well with the prediction from the scaling
found in “gure 6.

6 Implicatiors for future climate changeand THC
monitoring

We have shown that a major changein THC is assai-
ated with large and potentially rapid regiond sealevel
changesdueto dynamic adjustmentof the oceansurface
A complete cesséion of NADW formation, for exam-
ple, could raise sea level along the North American
Atlantic coad by between half a meter and a meter,on a
time scalethat quasi-instantaneouslyfollows the change
in ocean circulation. In addition, a cessaibn of NA DW
formation would lead to a slow warming of the deep
ocean causng additional sealevel rise by severa deci-
metres, albeit on a much slower time scale. While the
latter e ect hasbeenbroadly discussedn the 20011PCC
report (IPCC, 2001), the former, potentially more haz-
ardous one has thus far receivedlessattention (Bryan,
1996 Gregory et al., 2001).

How anthropogenic climate change will aect the
ocean circulation is dicu It to predict, both due to
uncertainties in the freshwater budget (e.g, changesin
the amount of precipitation, evaporation and Greenland
melt-water runo ) and due to a strong model-depen-
dencein the stability of the ocean circulation which is
not yet understood. However, studies with coupled
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atmosphere-ocan models of varying complexity (Man-
abe and Stou er, 1993; Stocker and Schmitner, 1997
Manabe and Stou er, 199; Rahmstorf, 1999 Rahm-
storf and Ganopolski, 1999 Wood et al., 199; 2001;
Stouer and Manabe, 2003) as well as paleodata
(Rahmstorf, 2002) and recent observations (Dickson
et al., 202; Petason et al., 2002 Curry et al., 2003)
suggestthat a weakening or evena temporary or per-
manent cessabn of NADW formation is within the
range of possibilities.

Hence, obsenational monitoring of trends in the
THC is important, and e orts to deploy moored arrays
are in place or underway (Hirschi et al., 2003. Due to
large variability and lack of long-term baseline obser-
vations, such moorings will probably only detect a
changein THC when this has reached 30% of the
mean value. The speci“c regiona pattern of sealevel
changesfound here suggeststhat sealevel data could be
usefd for monitoring changesn THC. The amplitude of
5 cm sealevel riseinshore of the Gulf Streamfor eachSv
of weakening should be detectabk. First enmuraging
resuls in this direction were presentedrecertly (Hakki-
nen and Rhines, 2004 showing an increasein subpolar
sea surface height during the 1990s. Hakkinen and
Rhines (2009 interpreted their “ndin gs as a weakenig
of the THC. To which degreethis re’ects a long term
trend or decadal variability has to be further invest-
gated. A recert comparison of altimeter data from the
Topex-Poseidm satellite between 1993 and 2008 with
tide gauge measuements (Lombard et al., 2004(sub-
mitted)) is consistert with a weakenihg of the THC.
Lombard et al. (2004 computed the residud rate of sea
level rise which is not due to thermal expanson. The
resukts show a signi“‘cantly larger resdual sea level
rise in the North Western Atlantic (1.89 mm/yr) than
in the Southern Ocean (1.11 mm/yr). Whether these
regional deviations from the global meansealevel trend
are due to changesin the THC strength needsto be
clari“ ed by further studies.
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